Transplantation may be the best option for the repair of many cartilage lesions including early osteoarthritis. Currently, autologous and allogeneic chondrocytes are grafted into cartilage defects to treat selected patients with moderate clinical success. However, their limited use justifies exploring novel therapies for cartilage repair. Xenotransplantation could become a solution by offering high cell availability, quality and genetic engineering capabilities. The rejection process of xenogeneic cartilage is thus being elucidated in order to develop counteractive strategies. Initial studies determined that pig cartilage xenografts are rejected by a slow process comprising humoral and cellular responses in which the galactose α1,3-galactose antigen participates. Since then, our group has identified key mechanisms of the human response to pig chondrocytes (PCs). In particular, human antibody and complement contribute to PC rejection by inducing a pro-inflammatory milieu. Furthermore, PCs express and up-regulate molecules which are functionally relevant for a variety of cellular immune responses (SLA-I, the potent co-stimulatory molecule CD86, and adhesion molecules VCAM-1 and ICAM-1). These participate by triggering a T cell response, as well as supporting a prominent role of the innate immune responses led by natural killer (NK) cells and monocytes/macrophages. Human NK cells lyse PCs by using selected NK activating receptors, whereas human monocytes are activated by PCs to secrete cytokines and chemokines. All this knowledge sets the bases for the development of genetic engineering approaches designed to avert rejection of xenogeneic chondrocytes and leads the way to developing new clinical applications for cartilage repair.
Introduction
There is a lack of good curative therapies for many cartilage diseases such as traumatic injury, rheumatoid arthritis and osteoarthritis. In spite of some advances in chondrocyte implantation and cartilage tissue engineering and transplantation, none of these advanced therapies are widely used in the clinic. The most frequently applied solution is still control of disease progression and pain, followed by prosthesis implantation when needed. Due to the very low regenerative capacity of cartilage, transplantation is considered the best option for the repair of many cartilage defects. Although results are still not optimal, autologous and occasionally allogeneic chondrocytes are grafted into articular cartilage defects in selected patients with fair outcomes Gillogly et al., 2015; Basad et al., 2015) . Full meniscus allografts and laryngeal and tracheal autografts (Fabre et al., 2013) are also being tested in a few patients with some encouraging results. Finally, compatible implants for facial plastic surgery and intervertebral disc repair are also needed (Yanaga et al., 2009; Fulco et al., 2014; Oehme et al., 2015) . The limited availability of human tissue/cells for these various applications has led searches for another suitable cell source. In this regard, the use of mesenchymal stem cells (MSCs) has received much attention, but further studies are needed to ensure patient safety and functional recovery. This particular topic has been reviewed in depth elsewhere (Madeira et al., 2015; Vonk et al., 2015; Pers et al., 2015) . Although less explored, xenotransplantation is another option which shows great potential for cartilage repair. Xenogeneic donor cells and tissues could be adapted by genetic engineering to the intended clinical applications and be produced under controlled conditions in sufficient quantities to cover all medical needs. Thus, it could be the basis for the development of one or more off-the-shelf products for cartilage repair that could be easily handled by orthopedic surgeons in many centers, preferably without the need of immunosuppression. The path towards this goal entails elucidating the cellular and molecular mechanisms that trigger and effect the rejection of xenogeneic chondrocytes and cartilage. This knowledge will allow the development of genetic engineering strategies that prevent rejection. In this review, we briefly describe the potential applications of xenotransplantation in the field of cartilage repair and gather together information available regarding the rejection process of xenogeneic cartilage/chondrocytes.
Cartilage is unable to develop a satisfactory healing response after injury or disease. Even small damage produced by traumatic injury is difficult to repair. Pure chondral defects, such as those that do not penetrate the underlying subchondral bone in joints, are unable to repair by themselves (the lack of vessels does not allow the fast access of macrophages and native MSCs) and may pass undetected (cause no pain without innervations). Full-thickness chondral and osteochondral defects produce pain and inflammation, but do not have a better outcome. Notably, hyaline cartilage lesions, unless treated appropriately, generate a fibrous scar that has different structure, composition and inferior mechanical proprieties than the original cartilage. Furthermore, these lesions often progress towards OA affecting the entire joint. Interestingly, fibrocartilage, such as in menisci, also does not repair spontaneously. Therefore, the great medical needs and the prospect of better therapies have promoted intense research in cartilage transplantation and tissue engineering, especially for the cure of traumatic joint injuries in athletes. As mentioned, other indications under study are nasal, auricular and laryngeal/tracheal reconstructions, as well as intervertebral disc repair. A scheme of current clinical needs for cartilage repair is shown in Fig. 1 .
Currently Available Therapies for Cartilage Repair
Several therapeutic options are available for the repair of damaged articular cartilage. Microfracture, used for promoting subchondral bleeding and bone marrow stimulation, is the simplest procedure for treating articular chondral defects. It is recommended in the case of small lesions (< 2 cm 2 ), as it basically results in fibrocartilage (Oussedik et al., 2015) . For this reason, some teams are working on a related technique called autologous matrixinduced chondrogenesis that combines microfracture with the implantation of a cover scaffold that stabilizes the clot (Lee et al., 2014) . The impact of this particular strategy remains to be clarified after longer experience. Fig. 1 . Scheme of the current clinical needs for cartilage repair categorized by type of cartilage, affected structure and general cause of pathology.
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For larger defects, a more frequently-used approach is osteochondral graft transplantation that is commonly based on implantation of an autograft obtained from a healthy and low-stress area in the same joint. Depending on the severity, shape and overall size of the damage, multiple plugs or use of allogeneic tissue may be required to adequately repair the joint. Mosaicplasty, in particular, involves the implantation of multiple autologous osteochondral plugs that replace damaged cartilage on the joint surface. As described by Berta et al. (2015) , this technique offers effective management of small and medium-sized focal defects although it does not result in good hyaline cartilage. Allotransplantation is particularly considered for settings that require whole structures such as menisci, large number of cells and/or when other techniques of cartilage repair have failed Gracitelli et al., 2015) . Despite the clinical benefit attained with meniscus allotransplantation and osteochondral allograft transplantation Gracitelli et al., 2015) , some concerns have been raised about the potential detrimental effects of the elicited immune response. Evidence is accumulating of the immune-privileged properties of cartilage, but isolated chondrocytes and especially the bony portion of the osteochondral grafts are more immunogenic (Smith et al., 2015) . Early work pointed out that allogeneic chondrocytes may elicit an immune response when injected heterotopically in rats (Romaniuk et al., 1995) . In this model, new cartilage-like tissue was formed, but over time it was destroyed displaying an infiltrate of mononuclear immune cells (comprised mainly by macrophages shortly after transplantation and a large population of NK and T cells at later stages). On the other hand, harvest and storage of the donor tissue in a timely manner can be difficult. Consequently, limitations associated with cryopreservation or prolonged refrigerated storage have been described. such as reduced viability and metabolism of chondrocytes (Berta et al. 2015) . In summary, there are also disadvantages for therapies based on chondrocyte/cartilage allotransplantation.
Cartilage diseases very often lead to a point of pain and loss of function that is only solved by utilizing a medical device. Orthopedic prostheses made of stainless steel and titanium alloys in addition to other materials are frequently used for joint replacements (Dearnley, 1999) . Spinal fixation devices are also being considered as prosthetic solutions when intervertebral discs are failing (Slone et al., 1993) . As advantages, these orthopedic implants are immediately available and are designed to be adapted and fixed within minutes leading to fast reconstruction. However, the process of implantation of prosthetic devices is costly, highly traumatic and can lead to multiple complications, such as infection, inflammation and pain. Furthermore, such prosthetic implants have a limited lifespan (Glyn-Jones et al., 2015) and pose the risk of inducing biomaterial hypersensitivity (Mitchelson et al., 2015) .
Transplantation of human chondrocytes
Strategies based on transplantation of chondrocytes are currently the most successful therapies for articular cartilage repair. Nevertheless, its use in clinical practice is restricted for economical and technical reasons to a few centers treating a limited number of patients. The most accepted approaches utilize autologous chondrocytes, although implantation of allogeneic chondrocytes is also feasible. The autogeneic transplantation comprises the autologous chondrocyte implantation (ACI) and the next-generation procedure called matrix-induced or matrix-assisted ACI (MACI) because it involves the use of a filling material (Madeira et al., 2015) . ACI and MACI both require the harvest of thin slides of cartilage from minor weight-bearing areas of the joint cartilage, which are subjected to enzymatic digestion for subsequent ex vivo expansion of chondrocytes for several weeks and final implantation into the defect. Significant and durable benefits have been demonstrated for patients subjected to these procedures in terms of diminished pain and improved function. Clinical values of repair, such as the degree of integration of donor cartilage, macroscopic appearance and mechanical assessment, are consistently good. Regarding ACI in particular, up-to-20-years repair has already been documented in some cases and the use of a porcinederived membrane to cover the defect has diminished the inconveniencies of the first-generation ACI (which involved a periostal flap) (Gillogly et al., 2015) . Although the experience with MACI is shorter in time, it has been demonstrated to be more effective than microfracture for knee defects larger than 3 cm 2 . For now, the available experience shows that MACI is technically easier than ACI, but it is unclear whether it is superior in terms of quality of repair and clinical benefit. The existence of different matrices and associated products, as well as medical centers for its application adds complexity and difficulty for evaluating efficacy (Madeira et al., 2015) . Nonetheless, either ACI or MACI seem to be the first choice for treating this type of lesion, whereas other approaches could be applied for patients failing to respond well to these therapies (Basad et al., 2015) .
Despite these promising clinical results, the use of these advanced therapies carries a number of limitations. One major issue is the high cost of the procedure. Another is the low tissue availability and the loss of phenotype of the chondrocytes during expansion (Madeira et al., 2015) . As a result, the quality of the cartilage generated is compromised (Cucchiarini et al., 2014) . Early magnetic resonance studies indicated the presence of fibrous tissue in the repair areas after ACI, which was later confirmed by quantitative analyses (Långsjö et al., 2010) . In other studies, the chondrocyte implantation occurred at a slower rate than in osteochondral transplantation and the graft showed an inhomogeneous hyaline appearance (Horas et al., 2003) . Other considerations for these techniques include the patient age, the rehabilitation regimens, postoperative joint alignment and surgical history (Berta et al., 2015) . The lack of a consistent repair with hyaline cartilage after ACI or MACI has led to the proposal of combination therapy, such as microfracture with MACI (Cucchiarini et al., 2014) . It is an interesting concept, but it does not imply a clear reduction in costs, unless the isolation and/or culture of chondrocytes is avoided.
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State of the Art in Xenotransplantation
Xenotransplantation has gained attention in the last decades as it could be used for the treatment of many diseases characterized by tissue loss or failure (Ekser et al., 2012) . Based on the transplantation of cells, tissues and organs across different species, it has the potential to overcome the severe shortage of human cells, tissues and organs for clinical transplantation . Its applicability has gained feasibility with the recent advancements made in the field of animal genetic engineering (Estrada et al., 2015; Yang et al., 2015; Cooper et al., 2016; Niemann and Petersen, 2016) . Xenotransplantation offers an unlimited supply of cells that can be obtained under very high quality standards . Accordingly, hormones and decellularized or devitalized tissues of animal origin are already being used in the clinic for therapeutic purposes (Vadori and Cozzi, 2015) . New therapies could be developed in the future by using xenogeneic cells and tissues selected by their regenerative capacity and adapted to the intended clinical application by genetic engineering (Costa et al., 2003; Sommaggio et al., 2015) . The pig is now considered the best animal source for xenotransplantation because it is domesticated, reproduces in large scale and has a primate-like size of organs and physiology. Consequently, major efforts and advancements have been made to genetically modify pigs to the germ-line level using various technologies (Lai et al., 2002; Estrada et al., 2015; Yang et al., 2015) . Thus, the pig has been chosen as the most appropriate animal source not only for solid organ xenotransplantation, but also for the development of xenogeneic cellular therapies (Ekser et al., 2012) .
Immune rejection is the main hurdle to overcome for xenotransplantation to become a broad clinical reality. Three types of rejection could be assigned to solid organ xenotransplatation depending on the time of rejection: hyperacute rejection (HAR), acute xenograft rejection (AXR) comprising acute humoral xenograft rejection (AHXR) and acute cellular xenograft rejection, and in a few cases of long-term survival, there are pathological features consistent with chronic xenograft rejection . HAR basically results from a humoral response. In general, humoral responses are those mediated by antibodies (produced by B cells) and their effector functions through complement activation, promotion of phagocytosis and antibody-dependent cell-mediated cytotoxicity (ADCC). In contrast, cellular responses are mediated by T cells that can develop direct effector functions (cytotoxicity) or enhance the activity of other cells such as B cells and macrophages (Griesemer et al., 2014) . As mentioned, AXR comprises both humoral and cellular responses, but the balance is shifted towards a predominant humoral response. Humoral and cellular mechanisms also cause rejection of xenogeneic cells and tissues. Importantly, many molecules and pathways involved are shared by the rejection processes of the different xenografts in spite of relevant particularities for each cell/tissue type.
The humoral arm of the immune response is critical in rejection of vascularized xenografts causing HAR and AHXR in non-human primates. HAR takes place within minutes to hours after xenotransplantation of non-transgenic pig organs through the massive deposition of xenoreactive natural antibodies (XNA) and complement on the donor endothelium resulting in hemorrhage, thrombosis, ischemia and necrosis (Vadori and Cozzi, 2015; Cooper et al., 2015) . These XNA are mainly IgM that bind the carbohydrate antigen Gal, which is highly expressed in pig tissues and synthesized by the α1,3-galactosyltransferase (α1,3-GT) (Vadori and Cozzi, 2015) . Humans produce abundant natural anti-Gal antibodies because they lack a functional α1,3-GT and as a result do not express Gal residues. Notably, HAR has been precluded by eliminating Gal from pig tissues by homologous recombination and nuclear transfer/cloning technology, as well as by expression of human complement regulatory proteins (Costa Vallés and Máñez Mendiluce, 2012; McGregor et al., 2012; Cooper et al., 2016) . Now, the genetically-modified pig organs transplanted into non-human primate models succumb to AHXR within weeks to months. AHXR involves a strong humoral response with participation of elicited antibodies, complement activation and thrombosis. It is characterized by the presence of an innate immune cellular infiltrate (macrophages and NK cells) and a type-II endothelialcell-activation phenotype that promotes fibrin deposition and intravascular thrombosis (Byrne et al., 2013; Vadori and Cozzi, 2015; Cooper et al., 2015) . Understanding the molecular interactions between the human innate immune cells and the xenograft is highly relevant to establish protective interventions (Wang and Yang, 2012) . Finally, systemic inflammation is also observed in this setting (Ezzelarab et al., 2015) . Thus, the process of AHXR is the most pressing problem in xenotransplantation of solid organs today. Nevertheless, additional carbohydrate antigens recognized by XNA (initially termed non-Gal) have been identified in the pig, and the effect of their elimination (Estrada et al., 2015) remains to be determined in preclinical studies.
The complement system plays a relevant role in the course of any inflammatory response (Carroll and Sim, 2011) . In AHXR, the classical pathway triggered by antibody deposition initially generates membrane-bound C4b and C3b as well as the production of anaphylatoxins C4a and C3a. C3 activation will also trigger the alternative pathway, which will further amplify the complement cascade. C4b, C3b and C3 breakdown products bind several complement receptors expressed on immune cells promoting B cell activation and phagocytosis (Carroll and Sim, 2011) . The three complement-activation pathways, the classical, alternative and lectin pathways, converge in the formation of C5 convertases that generate the terminal membrane attack complex (C5b-9) and the most potent anaphylatoxin, C5a, leading to cytolysis and inflammation (John et al., 2007; Sacks and Zhou, 2012) . Thus, anaphylatoxins cause enhanced vascular permeability, chemotaxis, inflammation, generation of cytotoxic oxygen radicals and histamine release from mast cells. A T-cell-mediated response against pig antigens takes place within days after xenotransplantation. The activation of T cells during xenograft rejection is mediated through the T cell receptor (TCR) and co-stimulatory signals conserved across species, involving both direct R Sommaggio et al. Barriers to chondrocyte xenotransplantation and indirect pathways (Griesemer et al., 2014; Vadori and Cozzi, 2015; Higginbotham et al., 2015) . The various immunosuppressive protocols currently available or in advanced development are considered sufficient to control the T-cell immune response against the xenograft (Cooper et al., 2016) . In fact, the cellular mechanisms that lead to rejection of cellular grafts are probably very similar and have been successfully controlled in some experiments resulting in long-term survival (i.e. pig pancreatic islets) (Hering et al., 2006) . Notably, blockade of the CD40-CD154 co-stimulatory pathway with anti-CD40 antibodies is producing very encouraging results in solid organ xenotransplantation (Higginbotham et al., 2015) . Interestingly, the development of cell therapies for immune modulation, such as infusion of expanded regulatory T cells or mesenchymal stem cells (Griesemer et al., 2014; Higginbotham et al., 2015) , seems especially attractive for combinatorial approaches with xenogeneic cellular therapies. In summary, great advances have been made in the xenotransplantation field since the use of the first genetically modified pigs. Although the immunological and non-immunological responses triggered by the xenograft still avert its clinical application, the tools to overcome these barriers are now available. Therefore, key molecules involved in xenograft rejection can be identified and modified to attain long-term engraftment.
Mechanisms of Xenogeneic Cartilage Rejection
Humoral and cellular responses lead within weeks to months to rejection of pig cartilage transplanted into primates (Stone et al., 1997; Stone et al., 1998) . Similar observations have been made in a small animal model (Costa et al., 2003) . Although none of the studies reported to date specifically determines the rejection process of xenogeneic chondrocytes transplanted orthotopically into articular defects of non-human primates, the available results are certainly relevant for many cartilage reconstruction applications. The rejection mechanisms of xenogeneic cartilage are highly particular to this tissue and are influenced by intrinsic properties that confer immune privilege. As a start, the fact that cartilage is avascular certainly facilitates its protection from immune attack. Consequently, pig cartilage is not subjected to a fast rejection process equivalent to HAR of vascularized organs. On the contrary, it is slowly rejected by a delayed process, comprising humoral and cellular responses, that progresses over time from the edges towards the inside (Stone et al., 1997; Costa et al., 2003) . Our group has been working during the last decade on elucidating the molecular basis of this cartilage rejection process (Costa et al., 2008; Sommaggio et al., 2009; Sommaggio et al., 2012; Sommaggio et al., 2013) . Here, we will review this work together with that of others and include new results from our group. A list of potential targets for intervention is provided in Table 1 .
Humoral response
Deposition of human XNA initiates the humoral response towards pig cartilage (Sommaggio et al., 2013) . XNA bind to pig chondrocytes (PCs) by mainly recognizing the carbohydrate antigen Gal, ubiquitously present on pig cells (Galili et al., 2013; Vadori and Cozzi, 2015) . Early studies were initially conducted to overcome this effect by modifying the pig cartilage following two different strategies. First, Stone et al. (1998) demonstrated that pig meniscus and articular cartilage specimens incubated with α-galactosidase resulted in complete removal of the Gal epitopes. Despite this, most animals implanted with α-galactosidase-pretreated grafts produced antibodies against other pig cartilage antigens. Notably, the cellular response and the proportion of T lymphocytes was lower within the α-galactosidase-treated xenografts than in untreated cartilage (Stone et al., 1998) . Later studies produced similar results when using cartilage from transgenic pigs expressing human α1,2-fucosyltransferase (HT), which leads to a dramatic reduction in Gal expression (Costa et al., 2003) . Notably, subcutaneous transplantation of HT cartilage in Gal-deficient mice induced no anti-Gal antibody response and resulted in lower titers of total antipig antibodies when compared to identical mice receiving (Costa et al., 2003) . Moreover, the HT grafts also presented a reduced cellular immune infiltrate. Thus, the Gal antigen plays a key role in pig cartilage rejection, but the humoral response to the xenogeneic cartilage also involves the reactivity and induction of antinon-Gal antibodies.
The specificity of the anti-non-Gal antibodies reactive to PCs has not been characterized yet. This is pending, as additional carbohydrate antigens recognized by human XNA have been recently identified (Vadori and Cozzi, 2015) . Nevertheless, our group has clarified to some extent the mechanisms and effects of total antibody and complement activation on rejection of xenogeneic chondrocytes (Sommaggio et al., 2013; Sommaggio et al., 2015) . In particular, we have set up an in vitro model by incubating PCs with up to 40 % human serum and determined complement activation by deposition of complement components on the cell surface and release of complement byproducts. As a result, both the classical and alternative pathways of complement are activated (Sommaggio et al., 2013; Sommaggio et al., 2015) , but very little cell death is produced due to an inherent resistance of chondrocytes (Happonen et al., 2012) . Instead, exposure of PCs to 20 % human serum leads to PC activation with up-regulation of pig major histocompatibility complex SLA (for swine leukocyte antigen) class I and vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), as well as secretion of interleukin-6 (IL-6) and interleukin-8 (IL-8) (Sommaggio et al., 2013) . These effects are mainly mediated by C5a generation and formation of the membrane attack complex and promote a pro-inflammatory milieu that is consistent with the cellular immune infiltrates observed in the grafted xenogeneic cartilage which contain predominantly T cells and macrophages (see below for detailed information). This mechanism also explains (at least in part) the reduced cellular response observed in xenografts devoid of Gal antigen as they show diminished antibody reactivity and elicited antibody response of the recipient. The presence of early eosinophilic infiltrates within xenotransplanted cartilage (Stone et al., 1997) may be caused as well by anaphylatoxin release. In fact, we see eosinophils in cartilage grafted in Gal-knockout mice treated with cobra venom factor (which triggers anaphylatoxin release), but not in grafts of mice pretreated with an anti-C5 blocking antibody . Remarkably, these findings (summarized in Fig. 2 ) allow the development of appropriate genetic engineering strategies to counteract the effects of antibody and complement, as recently described by our group (Sommaggio et al., 2015) . All this information Fig. 2 . Scheme of the mechanisms triggered by human antibodies and complement on PCs. Antibody deposition leads to complement activation and opsonization facilitating recognition and phagocytosis by macrophages. The complement cascade ends with the formation of the membrane attack complex (MAC/C5b-9) resulting in cytolysis and cell death of a small proportion of chondrocytes and local anaphylatoxin generation. Most chondrocytes respond to C5a and C5b-9 by up-regulating activation markers (MHC class I, VCAM-1 and ICAM-1) and secreting IL-6 and IL-8. C3a, C5a and IL-8 promote migration and activation of immune cells that contribute to the inflammatory milieu by releasing multiple inflammatory mediators including TNFα that result in extracellular matrix degradation. The loss of extracellular matrix is enhanced by the up-regulation of catabolic enzymes by IL-6 and C5b-9. C5a and TNFα contribute to local T cell activation.
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Barriers to chondrocyte xenotransplantation is highly valuable for understanding the contribution of the antibody response to rejection of avascular tissues, but it also has important implications for solid organ xenografts in which inflammation has been described (Ezzelarab et al., 2015) .
Cellular immune response
Pig cartilage xenografts retrieved from a suprapatellar pouch after transplantation in cynomolgus monkeys show extensive cellular immune infiltrates in the graft periphery (Stone et al., 1997) . At one month post-transplantation, infiltrates of eosinophils or a mixture of eosinophils and macrophages are seen. After two months, the cellular immune infiltrates contain about 80-90 % of T cells (half CD4 + and half CD8 + ) and 10-20 % of macrophages together with some plasma cells, a few eosinophils and giant cells (Stone et al., 1997) . In a similar way to other pig xenografts, such as pancreatic islets and skin, both CD4 + and CD8 + T cells contribute to rejection of xenogeneic cartilage. Thus, systemic depletion of CD4 + T cells delays rejection in a pig-to-mouse cartilage transplant model by reducing T cells and macrophages in the xenograft (Costa et al., 2003) . However, the remaining mononuclear cellular infiltrate slowly rejects the graft. In general, the cellular immune response plays a critical role in rejection of cell-based xenografts. We have been investigating the underlying mechanisms with the conviction that a good understanding of the rejection process and the molecules involved will allow the development of effective counteractive genetic engineering strategies and lead to clinical success.
Our basic material for these types of studies is the PC, which we isolate from either articular or costal pig cartilage (hyaline in both cases) following well described procedures (Costa et al., 2003; Sommaggio et al., 2009 ). These PCs Barriers to chondrocyte xenotransplantation can be kept in monolayer culture for a few passages while maintaining expression profiles characteristic of cartilage (Sommaggio et al., 2009) . Furthermore, PCs can be cryopreserved at low passage with good recoveries, which is highly relevant for future developments. Taking into account that many cytokines and chemokines function across species, PCs themselves are capable of contributing to the pro-inflammatory response in a xenotransplant setting. In a similar way to the effects of complement activation on PCs, human interleukin-1α (hIL-1α) and human tumor necrosis factor α (hTNFα) (mainly produced by myeloid and NK cells) do not lead to PC cell death (Sommaggio et al., 2009 ), but induce a pro-inflammatory phenotype in PCs which respond by releasing pig IL-6 and IL-8 (Fig. 3a,b) . Our findings are in agreement with numerous studies that describe how human chondrocytes secrete multiple cytokines and chemokines during arthritis and in response to cytokines, a process that is at least partially mediated by nuclear factor-κB (NF-κB) (De Ceuninck et al., 2004; Pulai et al., 2005; Kapoor et al., 2011) . Importantly, human IL-1β (hIL-1β), hTNFα and possibly IL-6 participate in cartilage degradation by reducing anabolic activities and simultaneously upregulating matrix metalloproteinases and aggrecanases, as well as other inflammatory mediators (Kapoor et al., 2011; Sommaggio et al., 2013; Schett et al., 2016) . In addition, IL-8 and other chemokines will amplify theses effects by attracting more immune cells and enhancing catabolic activities (Kapoor et al., 2011; Sommaggio et al., 2013) . Our initial characterization of PCs led us additionally to determine the cell surface expression of the SLA, adhesion and co-stimulatory molecules on PCs in resting and cytokine-stimulated conditions (Sommaggio et al., 2009) . We confirmed the constitutive and regulated expression of SLA class I, but not of SLA-II which remained undetectable in all conditions assessed. Thus, SLA-I is strongly up-regulated by a 24-hour treatment with hTNFα or hIL-1α, although hIL-1β has no effect at this level. The adhesion molecule VCAM-1 is expressed at low levels on resting PCs, whereas ICAM-1 displays higher cell surface expression. Notably, both molecules are dramatically increased by hTNFα and hIL-1α. In contrast, pig E-selectin was not detected in any of the conditions assayed. Regarding co-stimulatory molecules, the potent CD86 (also known as B7.2) is expressed at moderate levels, whereas CD80 and CD40 are barely detected on the cell surface. Furthermore, none of these co-stimulatory molecules were reported to be up-regulated under the cytokine-stimulated conditions tested (hTNFα, hIL-1α and hIL-1β). This lack of reactivity cannot be attributed to defective reagents during these determinations, as positive signals were obtained with porcine aortic endothelial cells (PAECs). In fact, the differences observed between PCs and PAECs are highly relevant as all these adhesion and co-stimulatory molecules promote leukocyte adhesion and together with SLA mediate direct activation of different subsets of human T cells (Murray et al., 1994; Rollins et al., 1994) . Furthermore, these can also contribute to the recognition of pig cells by human natural killer (NK) cells (Costa et al., 2002; Sommaggio et al., 2012) .
Molecular bases of T-cell responses
In transplantation, the T cells can be activated by either the direct pathway (T cells recognizing the donor cells) or the indirect pathway (through the host antigen presenting cells that have processed and present the donor antigens). At the molecular level, T-cell activation is triggered by the interaction of the T cell receptor (TCR) with the peptide-loaded MHC with the help of co-stimulatory signals. The capacity of the human TCRs to directly recognize the SLA and activate human CD4 + and CD8
+ T cells has been demonstrated using PAECs as antigen presenting cells (Murray et al., 1994; Rollins et al., 1994) . The sole expression of SLA class I on PCs sets the basis for allowing a direct activation of human CD8 + T cells when co-stimulation is available. In PAECs, pig CD86 is known to provide a strong co-stimulatory signal for T cell activation and survival (Maher et al., 1996) . Importantly, CD86 binds the T-cell activating receptor CD28, but also the tolerogenic receptor CTLA-4 (cytotoxic T-lymphocyte-associated protein 4, CD152) expressed on activated and regulatory T cells. By using specific blocking monoclonal antibodies, we have established that CD86 on PCs provides a key co-stimulatory signal for activation of human T cells, whereas pig VCAM-1 plays a secondary role (Sommaggio et al., 2009) . On the contrary, the poorly expressed pig CD80 and/or CD40 are not likely to play a critical role in this setting. We infer this information taking into account the dramatic drop in T cell response after CD86 blockade (80 % reduction in IL-2 secretion in the co-culture assay), the participation of pig VCAM-1 and the probable contribution of pig ICAM-1. We summarize this information in a scheme (Fig. 4a) . Interestingly, the negligible CD40 expression on PCs probably represents an advantage over PAECs. Engagement of pig CD40 on PAECs leads to cell activation (Rushworth et al., 2001 ).
In addition, pig CD40 may well participate in the direct activation of human T cells as an anti-hCD154 mAb displays an inhibitory effect in co-culture experiments (Tadaki et al., 2000) . Therefore, pig CD86 is a target for intervention in the development of less immunogenic PCs and its blockade through genetic engineering is expected to have a beneficial effect. Depending on the strategy chosen, deletion of pig CD86, expression of CTLA4-Ig or both, different outcomes will be expected. Note that interfering only with pig CD86 will not control the indirect pathway of T cell activation which is responsible for the important contribution of CD4 + T cells.
Molecular bases of NK cell responses
NK cells play a role in transplant rejection with a more prominent contribution in the case of xenografts (Kitchens et al., 2006; Resch et al., 2015) . NK cells are lymphoid cells that recognize and kill a variety of neoplastic, virus-infected, and non-self target cells through release of perforin and granzyme B (Vivier et al., 2008) . As evidence of their contribution to xenograft failure, NK cells are found in pig organs perfused with human blood and in rejecting grafts in pig-to-baboon xenotransplantation models (Inverardi and Pardi, 1994; Itescu et al., 1998) . In vitro experiments show that human NK cells lyse PAECs www.ecmjournal.org R Sommaggio et al. Barriers to chondrocyte xenotransplantation due to the incapacity of SLA I molecules to signal through human NK cell inhibitory receptors (Sullivan et al., 1997) . Thus, NK cells can lyse pig cells both directly and by ADCC in a very efficient manner (Baumann et al., 2004; Forte et al., 2005) . NK cells could also contribute to rejection of xenogeneic avascular tissues such as cartilage. Although no specific staining for these cells has been conducted in histopathological studies of retrieved cartilage xenografts, NK cells could be part of the lymphocytic infiltrates already described. In fact, results from cell-based assays show that human NK cells have the capacity to kill PCs under specific conditions. An initial and essential step in NK cell cytotoxicity is adhesion to target cells. Our group has shown that resting human NK cells display only weak adhesion to PCs, but exposure of NK cells to IL-2 or stimulation of PCs with hTNFα or hIL-1α increases adhesion (Sommaggio et al., 2012) . We elucidated that, in a similar way to PAECs, adhesion of human NK cells to PCs relies mainly on VLA-4-VCAM-1 and on LFA-1-ICAM-1 interactions (Sommaggio et al., 2012) . Notably, PCs show susceptibility to NK cell-mediated cytotoxicity in correlation with the levels of adhesion. Accordingly, ligands for natural cytotoxicity receptors (NCR) were detected on PCs using fusion proteins of human NCR and flow cytometry. By using specific blocking antibodies, NKp44, NKG2D and NKp46 were identified as responsible for triggering NK-cell-mediated cytotoxicity against PCs (Sommaggio et al., 2012) . Moreover, we observed upregulation of ligands for NKp44 and NKp30 when the chondrocytes were stimulated with hTNFα relative to untreated PCs. Thus, cytokine stimulation leads to elevated levels of adhesion molecules and NCR ligands on PCs that correlates with higher susceptibility to lysis mediated by human NK cells under these conditions. We summarize this knowledge in Fig. 4b .
Engagement of CD16, a low affinity Fc receptor expressed on NK cells, suffices to induce efficient lysis of pig endothelial cells by ADCC in the absence of NCRmediated signaling (Forte et al., 2005) . Likewise, our work further demonstrated that human NK cells kill PCs by ADCC (Fig. 4b) (Sommaggio et al., 2012) . Nevertheless, we also found that PCs are more resistant to NK cellmediated cytotoxicity than PAECs even in the presence of XNA. Thus, it is highly likely that the benefit described after removal of Gal antigen in cartilage implants in Barriers to chondrocyte xenotransplantation previous reports was in part due to a reduction in ADCC. These results lead us to predict that a carbohydrateremodeling approach that substantially reduces human XNA reactivity will have a major impact in protecting PCs from NK cell-mediated lysis. Additional modifications that target adhesion and/or co-stimulatory molecules in PCs would be expected to further protect from this rejection pathway.
Molecular bases of monocyte and macrophage responses
Synovial macrophages play a major role in the pathogenesis of arthritis (Kennedy et al., 2011) . Moreover, monocytes and macrophages are critical effectors in acute xenograft rejection (Li et al., 2009) . As mentioned earlier in this review, the cellular infiltrates in cartilage xenografts of a pig-to-cynomolgus monkey model contain up to 20 % macrophages (Stone et al., 1997) . Macrophages are also found to be major contributors to rejection of human chondrocytes implanted with hydrogel into full-thickness chondral defects (as MACI) located in femoral chondyles of minipigs (Niemietz et al., 2014) . Despite the limited preclinical value of this xenogeneic combination, the work of Niemietz et al. (2014) is the first publication describing rejection of xenogeneic chondrocytes in an animal model of orthotopic transplantion for articular cartilage repair. Our team has been working on elucidating some of the mechanisms of rejection of xenogeneic chondrocytes led by myeloid cells. As for NK cells, adhesion is an initial step for monocytes/macrophages to generate an immune response against PCs. In this regard, we have demonstrated that pig VCAM-1 is a key molecule for the binding of U937 cells (human monoblastic cell line) to cytokineactivated PCs (Sommaggio et al., 2009) . As pig ICAM-1 is the adhesion molecule most expressed on resting PCs and binds human LFA-1 and MAC-1, it is most probably responsible for adhesion of human monocytes to PCs in both un-stimulated and stimulated conditions. Nonetheless, additional receptors are likely contributing to recognize the pig cells as foreign by human monocytes/macrophages. A lectin-dependent pathway could be one of the mechanisms by which host monocytes specifically recognize xenografts in an antibody and complement independent manner. Galectin-3, a lectin expressed by various cells including human monocytes and macrophages, has been reported to interact directly with the Gal antigen (Jin et al., 2006) . Human NKRP1A (CD161), a C-type lectin inhibitory receptor expressed on NK cells, peripheral blood monocytes and dendritic cells, also binds to Gal epitope (Christiansen et al., 2006) . Despite contradictions between the various studies available on the participation of Gal in this process (Schneider and Seebach, 2008) , data from our group further shows that adhesion of U937 cells to HT-transgenic PCs is reduced relative to controls in both resting and hTNFα-stimulated conditions (Costa et al., 2008) . Therefore, although a carbohydrate-mediated recognition probably contributes to baseline adhesion and initiation of an immune response, we expect that the highly-inducible pig molecules VCAM-1 and ICAM-1 are critical for adhesion to PC after cytokine stimulation (Fig.  5) . Xenogeneic antibodies and complement will provide additional activation signals through their corresponding receptors unless these pathways are counteracted by genetic engineering strategies (Sommaggio et al., 2015) . A summary of their effect is included in Fig. 2.   Fig. 5 . Key molecules involved in the interaction of human monocytes with PCs. We propose that the PCs initiate the xenogeneic cellular immune response by binding human monocytes/macrophages and dendritic cells through the Gal antigen and/or other carbohydrates together with adhesion molecules leading to cell activation and cytokine release by both human leukocytes and PCs. Cytokines such as hIL-1α and hIL-1β further amplify this process by stimulating the expression of adhesion molecules and cytokine/chemokine release.
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Regarding the effects of such recognition, initial studies showed that co-culture of U937 with cytokineactivated PCs lead to an increase in human IL-8 secretion (Sommaggio et al., 2009) . We are now generating new data using isolated human monocytes co-cultured with PCs that further support this observation. In particular, we have measured hIL-1β because of its relevance in cartilage inflammation and disease (Schett et al., 2016) . The data indicate that PCs alone or in the presence of interferon γ (IFNγ) stimulate hIL-1β secretion by human monocytes (Fig. 6) . Thus, we foresee the need to prevent these inflammatory reactions by designing appropriate genetic modifications of the pig source cartilage that prevent the activation of monocytes and macrophages during the early stages of recognition. A critical molecular target when pursuing the inhibition of the monocytes/macrophage response to xenogeneic pig cells is CD47 (Ide et al., 2007) . CD47 is a ubiquitous ligand for the signal-regulatory protein-α (SIRP-α) receptor expressed on macrophages. Engagement of SIRP-α provides inhibitory signals to macrophages that prevent the phagocytosis of autologous cells. Notably, pig CD47 does not induce SIRP-α tyrosine phosphorylation in human macrophage-like cells (Ide et al., 2007) . Therefore, the inhibitory signal is missing in this xenogeneic combination. Considering that this is a concept that applies to all pig cells, transgenic expression of human CD47 on PCs should be considered as well for controlling the immune response of human monocytes in this setting. Other inhibitory molecules for myeloid cells, such as CD200 (Barclay et al., 2002) , may be of use as well.
Conclusions
A variety of therapeutic approaches are available for the treatment of articular cartilage defects, but none is currently completely satisfactory. New tissue-engineering therapies are also needed for some large cartilage defects affecting the joint and other cartilage types. We propose the use of genetically-modified PCs as a new cell source that can provide advantages and be applied for the development of multiple cell-and tissue-engineering-based therapies. We have identified antibodies and complement, immune cells, cell-surface molecules and cytokines that contribute to the xenogeneic immune response triggered by PCs. Because of their strong activity, pig CD86 and TNFα are potential targets for intervention for the development of clinical applications based on xenotransplantation of PCs. Their specific blockade may help avert the cellular immune response against PCs. Notably, human NK cells and monocytes recognize PCs as foreign and their activation surely contributes to rejection, pointing out the need to cover these aspects as well. Thus, the combination of cellsurface carbohydrate remodeling to reduce XNA deposition with control of complement activation and targeting adhesion and/or co-stimulation might be a promising strategy. The time has come to start developing all these genetic engineering approaches and test them in preclinical models to assess the real potential of this concept.
Fig. 6.
Response of human monocytes to PCs. Human monocytes (hMo) isolated from preripheral blood of healthy donors by magnetic negative selection were co-cultured for 24 h with resting PCs (PC) at a 2:1 and 5:1 effector/ target ratio. The same quantity of monocytes was cultured alone for each donor and experiment as control. Human IFNγ was added to selected wells at 20 ng/mL for the duration of the culture. Human IL-1β was chosen for the readout of the monocyte response and was measured in collected supernatants by ELISA. Mean ± standard deviation of duplicates of a representative experiment of 3 independent experiments is shown.
